Recurrent genomic abnormalities identified in AML improve prognostic stratification of patients with normal karyotype AML (NK-AML). 1, 2 Retrospective studies show that mutations in FLT3, NPM1 and CEBPα are powerful tools to predict outcomes in younger and older patients with NK-AML. [3] [4] [5] Limited data exist on the role of allogeneic hematopoietic cell transplant (HCT) in NK-AML patients with recurrent genomic abnormalities. [6] [7] [8] In this retrospective cohort study, we evaluated the outcomes of patients with NK-AML transplanted at a single institution to determine whether the widespread implementation of molecular testing in NK-AML patients at the time of diagnosis has impacted the outcomes of patients who ultimately undergo allogeneic HCT.
The Stanford University Division of Blood and Marrow Transplantation database was interrogated to compile all adult patients (age ⩾ 18 years) with AML who received their first allogeneic HCT following full-dose or reduced intensity conditioning at Stanford University between 1 January 2000 and 30 September 2011 (n = 349). Patients were excluded if they had acute promyelocytic leukemia, prior autologous HCT, or a graft from a syngeneic, cord blood or haploidentical donor, and if they lacked the source document diagnostic cytogenetic report. All patients were on Institutional Review Board protocols and signed written informed consent before the transplant. We identified 143 consecutive patients with NK-AML who underwent first allogeneic HCT from matched or one-antigen mismatched related or unrelated donors. Patients underwent HCT in first complete remission (CR, n = 88), in second CR or beyond (n = 26) or not in remission (n = 29). Beginning in 2006, results were available for molecular testing of FLT3, NPM1 and CEBPα mutations from the initial diagnostic bone marrow biopsy and/or peripheral blood analysis. Using the European LeukemiaNet (ELN) classification for patients with NK-AML, mutations in NPM1 (without concurrent FLT3-ITD) or mutations in CEBPα are considered favorable, whereas FLT3-ITD or wild-type NPM1 without FLT3-ITD are identified as intermediate- 1. 2 Three independent investigators (MEMP, BCM and RL) reviewed the medical records of adult patients with NK-AML who underwent HCT. The majority of patients (495%) received standard induction chemotherapy (anthracycline plus cytarabine) followed by one or two consecutive cycles of highdose cytarabine before allogeneic HCT. Patients underwent HCT using either full-dose or reduced intensity conditioning regimens [9] [10] [11] [12] [13] and received graft-versus-host-disease prophylaxis as previously described. 11 Patients received unstimulated whole bone marrow or G-CSF-mobilized blood.
For statistical analysis, patient baseline characteristics were reported descriptively. The last follow-up time point was any chart note before 1 July 2013. Remission status at the time of transplant was determined using standard definitions. 2 Overall survival (OS) was defined as the time from hematopoietic cell infusion to death from any cause. Patients who were alive or lost to follow-up were censored at the date last seen alive. Event-free survival (EFS) was defined as the time from hematopoietic cell infusion to disease relapse or progression, or death from any cause, whichever occurred first. Patients who were alive without disease relapse or progression were censored at the date last seen alive. KaplanMeier estimators were used for OS and EFS probabilities. The logrank test was used for comparisons of survival probabilities. Cumulative incidence of relapse (CIR) was calculated by analyzing the time from allogeneic HCT to relapse (in patients in remission at the time of HCT) or progression (in patients not in remission at the time of HCT). A Cox regression analysis was used to make the same comparisons (OS, EFS and CIR) adjusted for potential confounders including age, gender, disease status at the time of HCT, conditioning regimen and time from transplant (as a continuous variable). P-values are two-sided with a significance level of 0.05. All statistical analyses were performed using IBM SPSS Statistics Data Editor 21 (SPSS, Armonk, NY, USA). The median age of the cohort was 50 years (range 19-72). Molecular testing for FLT3, NPM1 and/or CEBPα at the time of AML diagnosis was available in 37 patients (26%). The remaining 106 patients (74%) did not have molecular testing performed. In the cohort with molecular testing, the FLT3-ITD mutation was found in 22 patients (59%), NPM1 mutations in 17 patients (46%) and a CEBPα mutation in one patient (3%). No significant differences were observed in the baseline characteristics (age, sex, disease status at the time of transplant, conditioning regimen, transplant product and type of donor). Median follow-up was significantly longer for patients without diagnostic molecular testing (39.9 vs 22.8 months, respectively, P = 0.005), as molecular testing was progressively adopted starting in 2006. By 2011, 60% of patients with NK-AML undergoing allogeneic HCT had molecular testing at diagnosis (Supplementary Figure 1) . Patients without molecular testing underwent transplant throughout the study period, and 46 of 106 patients (43%) received an allogeneic HCT after July 2006.
Patients with molecular testing at diagnosis had significantly inferior OS. Median OS was 17.9 months in those with molecular testing compared with 67.0 months in those without ( Figure 1a ; Table 1 ). The EFS was 14.8 months in patients with molecular testing compared with 63.9 months in those without (Figure 1b ; Table 1 ). A Cox regression multivariate analysis confirmed that presence of molecular testing was negatively associated with OS (Table 1 and Supplementary Table 1) .
Disease in remission at HCT was also independently associated with OS in the multivariate analysis (P o 0.001; hazard ratio 1.89, 95% confidence interval = (1.43, 2.50)). Therefore, we examined the outcomes for patients in CR at the time of HCT (n = 114; 77% of these were in first CR). In this cohort of patients in CR at the time of HCT, presence of molecular testing was also associated with a statistically significant decrease in OS and EFS in both univariate and multivariate analysis (Table 1) . We saw similarly decreased OS and EFS in the subset of patients in first CR (n = 88; data not shown).
To determine whether the decreased OS and EFS were related to relapse, we evaluated the CIR in patients with and without molecular testing. The difference in CIR showed a trend toward statistical significance in univariate analysis (P = 0.06; hazard ratio = 1.72, 95% confidence interval = (0.98, 3.03)), and was statistically significant when analysis was limited to the subset of patients in CR at the time of transplant (n = 114, P = 0.009; hazard ratio 2.42, 95% confidence interval = (1.25, 4.70)). In the entire cohort (n = 143), active disease (compared with any CR) at HCT was also independently associated with worse CIR (P = 0.003; hazard ratio = 1.73, 95% confidence interval = (1.20, 2.48)). To confirm that the date of transplant was not a significant factor, we also repeated the analysis on patients transplanted from 2006 onwards who were in CR at the time of HCT and confirmed significant differences in OS and EFS (n = 70, data not shown).
In this study, we observed the effect of a rising trend in testing for molecular abnormalities in the FLT3-ITD, NPM1 and CEBPα genes in NK-AML patients who received an allogeneic HCT. The molecular testing included here is a part of the ELN standardized reporting system previously shown to improve prognostic stratification following treatment with chemotherapy alone. 2 In our cohort, the OS and EFS were significantly inferior in NK-AML patients who had molecular testing performed, and who could therefore be classified in an ELN risk group. These inferior outcomes reflect a higher CIR. These data support the contention that molecular testing at diagnosis has led to a selection bias in NK-AML allogeneic HCT recipients that has negatively impacted survival outcomes.
We speculate that the inferior outcomes for patients with knowledge of diagnostic molecular testing reflect a bias to transplant patients with higher-risk molecular features. Our cohort of patients with diagnostic molecular testing had a high percentage of FLT3-ITD mutations (59%), and 73% were classified as intermediate-1 group by ELN (compared with~30% and 20%, respectively, in large analyses of unselected NK-AML patients). 3, [6] [7] [8] We also found similar survival outcomes for patients transplanted before 2006 compared with the ELN non assigned patients transplanted after 2006, which suggests that the referral patterns for NK-AML without diagnostic molecular testing have not significantly evolved over the past decade.
In summary, we observed worse outcomes in NK-AML patients with diagnostic molecular testing who received an allogeneic HCT, suggesting a selection toward preferentially transplanting patients with an adverse molecular profile. Limitations of our study are that it is retrospective and that we describe a relatively small number of consecutive patients at a single center. However, the potential selection bias we identify may make comparisons between past and future studies difficult, especially if molecular testing is not uniformly performed.
14 Additionally, allogeneic HCT decreases relapse rate and improves EFS in most patients with intermediaterisk AML in first CR, including those without well-established adverse molecular markers. 2, 6 Future studies should evaluate larger cohorts to further assess the impact of the rising trend in the molecular typing of NK-AML patients on survival outcomes after allogeneic HCT. 
